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(57) ABSTRACT

The invention relates to a method and apparatus for deter-
mining whether two user equipments (UEs) in a wireless
network can be co-scheduled by an uplink scheduler of a
base station. The method includes: the determination of a
steering vector for each of a plurality of user equipments to
be considered; and, for each pair of the user equipments, the
determination of a corresponding orthogonality factor based
on the steering vectors of the user equipments comprising
the pair. A pair of user equipments may be selected for
co-scheduling based on the orthogonality factors. For
example, a pair of user equipments may be co-scheduled if
its orthogonality factor is below a threshold. As another
example, a pair of user equipments that has the lowest of the
orthogonality factors may be co-scheduled.
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1
CO-SCHEDULING BASED ON STEERING
VECTOR ORTHOGONALITY

PRIORITY CLAIM INFORMATION

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/614,522, filed on Nov. 9, 2009, entitled
“Method and Apparatus for Co-Scheduling Transmissions in
a Wireless Network”, invented by David Bevan et al., which
is hereby incorporated by reference in its entirety as though
fully and completely set forth herein.

FIELD OF THE INVENTION

This invention relates to an apparatus for and a method of
co-scheduling user equipment transmissions. The invention
is applicable to use within wireless networks and, more
particularly, to use within base stations of wireless networks.

BACKGROUND OF THE INVENTION

In wireless networks care is given to the scheduling of
transmissions both in the time and frequency domain from
user equipments (UEs) to base stations. If the UEs are
located close together spatially and there is a significant
overlap in the time and frequency at which uplink transmis-
sions from the UEs are sent to a base station, there will be
interference between the UEs’ transmissions. This interfer-
ence may mean that the quantity of information per trans-
mission burst from each UE which can be successfully
decoded is small (i.e. they may need to choose a low-order
modulation alphabet).

Conventionally, to overcome this deficiency, networks
assign each UE transmitting to a base station a different
time-frequency resource block in which to transmit. Since
the UEs within a cell now do not interfere with one another,
they can each transmit more information per transmission
burst (e.g. by choosing a higher-order modulation alphabet)

However, the assignment of separate (non-shared) time-
frequency resource blocks limits the resource allocated to a
UE’s transmission burst, since the overall resource on the
wireless medium is generally shared equitably between the
users.

One technique that is used to make more efficient use of
the available resource involves co-scheduling pairs of UEs
on the same time-frequency resource block. In this technique
UEs are only co-scheduled when the signals from the UEs
are deemed to be sufficiently segregated spatially. However,
when co-scheduling is implemented in this manner residual
interference may still occur at the receiver, for example due
to any remaining overlap between the UE signals, reducing
the quantity of information per transmission burst from each
UE which can be successfully decoded. The invention
described herein relates to techniques for optimally selecting
UEs for co-transmission such that any remaining residual
interference is minimised.

SUMMARY OF THE INVENTION

According to an aspect of the invention there is provided
a method of selecting user equipments for co-scheduling in
a wireless network, the wireless network including a
receiver including a plurality of antennas and a plurality of
user equipments, each user equipment including one
antenna, the method comprising determining a feature for
each transmission from a user equipment to the receiver,
comparing the transmission feature of each user equipment
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with the transmission feature of another user equipment to
determine the orthogonality of the features, and selecting a
pair of user equipments with the greatest orthogonality for
simultaneous transmission. By determining the orthogonal-
ity of the features the user equipments which are least likely
to interfere can be identified and co-scheduled.

Optionally, the feature may be the steering vector for the
transmission of the user equipment which enables the UEs
with the greatest separation spatially to be identified. The
orthogonality may be calculated using a conjugate transpose
of the feature.

The UEs for co-scheduling are preferably transmitting
across a channel where the change of phase and amplitude
of tone during a transmission is substantially consistent. This
means that there is minimum change in the features of the
transmission during the transmission and therefore the inter-
actions between the UE transmissions are relatively con-
stant.

Preferably, each further pair of user equipments is co-
scheduled in decreasing levels of orthogonality. This means
that the pairs of user equipments are co-scheduled in the
reverse of the order in which they are most likely to
interfere.

Additionally, it is preferable that each pair of user equip-
ment is only co-scheduled if the orthogonality factor is
below a threshold as this means only transmissions with
sufficiently low interference between them are co-scheduled.
The orthogonality factor is preferably a factor measured
between 0 and 1 and an orthogonality factor equal to zero
means that the transmissions are completely orthogonal and
an orthogonality factor equal to one means that the trans-
missions are co-linear.

Optionally, a modified orthogonality factor may be cal-
culated by multiplying the orthogonality factor by a modi-
fying factor. The modifying factor may be, for example, the
greater SINR of the SINR for each user equipment in the
pair of user equipments, Log,,(SINR,,), or the greatest
function of the SINR for each user equipment in the pair of
user equipments. This prevents a noisy signal being co-
scheduled and reduces the likelihood of interference
between the transmissions of the two user equipments. A
further factor could also be introduced to favour scheduling
of user equipments with near equal SINR. An example of
this further factor would be the ratio of SINR,,, to SIN-
RMIN'

The method may include the further steps of determining
the throughput for the user equipments and, if the combined
throughput is less than a threshold, separately scheduling the
user equipments. An example of the threshold would be a
threshold equal to the throughput when the two user equip-
ment transmissions are scheduled individually.

The throughput for each user equipment individually and
the throughput for each pair of user equipments combined
may be calculated, and the user equipment or pair of user
equipments having the highest throughput being scheduled
first. This enables the channel capacity to be used to its
fullest extent.

According to another aspect of the invention there is
provided an uplink scheduler to co-schedule user equip-
ments in a wireless network including an input to receive a
transmission feature of a user equipment, a comparator to
compare the transmission feature from each user equipment
to determine an orthogonality of the features and a processor
to select a pair of user equipments with the greatest orthogo-
nality for simultaneous transmission.
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Optionally, the feature may be the steering vector for a
transmission from the user equipment as received at the base
station.

The uplink scheduler may further include a channel
selector to select a channel where the change of phase and
amplitude of tone during a transmission is substantially
consistent across both the time and frequency dimensions.
The user equipments forming a group from which user
equipments are co-scheduled are selected from user equip-
ments which may transmit across the channel.

The modified orthogonality factor may be the featurex
greater SINR of the SINR for each user equipment in the
pair of user equipments.

Preferably, the processor calculates the throughput for
each user equipment individually and the throughput for
each pair of user equipments combined, and selects the
approach that will maximise throughput. For example, this
may be achieved by co-scheduling the user equipment or
pair of user equipments having the highest throughput first.
Further pairs of user equipment or individual user equipment
are co-scheduled in decreasing levels of throughput

According to a further aspect of the invention there is
provided a base station including an uplink scheduler to
co-schedule user equipments in a wireless network including
a receiver to receive a transmission from a user equipment,
and an uplink scheduler including a comparator to compare
a transmission feature of the transmission from each user
equipment to determine an orthogonality of the features and
a processor to select a pair of user equipments with the
greatest orthogonality for simultaneous transmission.

According to yet another aspect of the invention there is
provided a computer program product including a computer
useable medium having computer program logic stored
therein to enable an uplink scheduler to: receive a feature for
each transmission from a user equipment to a receiver,
compare the transmission feature of each user equipment
with the transmission feature of another user equipment to
determine the orthogonality of the features and select a pair
of'user equipments with the greatest orthogonality for simul-
taneous transmission between the user equipments and the
receiver.

BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects and features of the present invention will
become apparent to those ordinarily skilled in the art upon
review of the following description of specific embodiments
of the invention in conjunction with the accompanying
figures.

FIG. 1 illustrates a cell within a wireless network in which
the present invention may be implemented;

FIG. 2 illustrates a receiver and user equipments in which
the invention may be implemented;

FIG. 3 is a flow diagram of a method of co-scheduling
UEs in a wireless network; and

FIGS. 4 and 5 are flow diagrams of alternative methods of
co-scheduling UEs in a wireless network.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 illustrates a cell 2 within a network in which the
present invention may be implemented. The invention is
preferably an OFDM network including multiple UEs 4 and
a receiver station 6. The UEs 4 have single antennas and a
receiver station 6, such as a base station, has two receiver
antennas as illustrated in FIG. 2.
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The base station 6 includes an uplink scheduler for
scheduling uplink transmissions from the UEs 4 to the base
station 6. The uplink scheduler determines which time-
frequency resource block a UE 4 can use to transmit data. In
the present invention, the uplink scheduler is further
arranged to determine whether two, or more, UEs 4 can
transmit simultaneously in a single time slot of an uplink
channel without causing significant degradation in the sig-
nals from the UEs 4.

Firstly, as illustrated in step 10 of FIG. 3, the uplink
scheduler selects a channel in which co-scheduling may be
applied. The channel selected may be any group of tones
across which the change of phase and amplitude of a tone is
substantially consistent in both the time and frequency
dimensions during a transmission. Once the channel has
been determined the UEs that may transmit within the
channel can be identified, as illustrated in step 12.

Once the UEs have been identified the pilot tones for each
of'the UEs in the group are analysed to estimate the steering
vectors for each of the UEs as illustrated in step 14. The pilot
tones may be from recent uplink transmissions from those
UE, or from specially-scheduled uplink ‘sounding bursts’.
Any suitable channel estimation method may be used to
estimate the steering vectors for each of the UEs.

For each UE transmitting from a single antenna to a base
station with two antennas the UE transmission will have a
steering vector. The steering vector, including a single
(complex) element for each antenna, being represented as:

a+ jb
m=("T1)
c+ jd

Thus, for the simple implementation in a channel with two
user equipments, UE1 and UE2 the antenna vectors H1 and
H2 for each of the UE1 and UE2 respectively are:

a+ jb
()
c+ jd
e+ j
H2=( jf]
g+ jk

Once the steering vectors for each UE have been deter-
mined, in step 14, an orthogonality factor between the
steering vectors of UE1 and UE2 is calculated, in step 16,
using the conjugate transpose:

_ |H{ Hy
|Hyl|H|

where
Hif =(a- jb, c— jd)
Hl=NZ 12+ 21 e
Iyl = Ve + f2+ g2 + k2

Once the orthogonality factor has been determined the
uplink scheduler can determine whether the orthogonality
factor is below a pre-determined threshold, as illustrated in
step 18. If the orthogonality factor is below the threshold
then the transmissions by the two UEs can be co-scheduled
as illustrated in step 20. If, however, the orthogonality factor
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is above the threshold then the transmissions by the two UEs
will interfere with each other too greatly and the UEs are
instead scheduled individually as illustrated in step 22.

It will be understood by one skilled in the art that any
other suitable equation may be used to determine an
orthogonality factor, and the orthogonality factor is a rep-
resentation of the orthogonality of the transmissions of two
UEs.

Where there are more than two UEs within the channel
that is selected in step 10 then a similar comparison can be
done between each pair of the UEs within a group of UEs
within the channel. The comparison determines which pair
of UEs have the lowest orthogonality factor and therefore
which pair of UEs within the group are most suited to
co-scheduling. For example, when there are five UEs trans-
mitting within the determined channel to the base station
with the following steering vectors:

0.059 + 0.143i
UEL: H(l)( ]
0.669 — 1.914

0.299 + 1.188;
UE2: H(Z)( ]

0.569 - 0.172i

—0.546 — 0.642i
UE3: H(3)( ]

—0.236 — 0.964i
-1.271 +0.563i

—0.095 +0.556i
UE4: H(4)( ]

—1.034-0.089i
UES: H(4)( ]

0.477 - 0.430i

The orthogonality factors between each pair of UEs is
then calculated using the conjugate transpose as described
previously giving an orthogonality factor matrix:

1 2 3 4 5
1 1 0485 0.713 0911 0.53
21048 1 0.51 0.127 0.627
310.713 0.51 1 0795 0.582
40911 0.127 0795 1  0.783
51053 0.627 0.582 0.783 1

As can be seen the orthogonality factor between UEs 2
and 4 is the lowest at 0.127. Thus, the uplink scheduler
co-schedules the transmissions of UEs 2 and 4. UEs 2 and
4 are then removed from the group of UEs being considered
by the uplink scheduler for co-scheduling.

The lowest orthogonality factor between the remaining
UEs, UEs 1, 3 and 5, is between UE 1 and UE 5. The uplink
scheduler therefore co-schedules the transmissions of UE 1
and UE 5. UEs 1 and 5 are also removed from further
consideration for co-scheduling. UE 3 is not co-scheduled
with any other UE and is therefore assigned its own timeslot.

Optionally, the uplink scheduler may apply a threshold to
the orthogonality factor and prevent a pair of UEs having an
orthogonality factor above a threshold from being co-sched-
uled. For instance, in the example given with reference to
five UEs above, the threshold may be set at 0.5. If the
threshold is set at this level then the uplink scheduler will not
co-schedule UE 1 and UE 5 as their orthogonality factor
(0.53) is above the threshold. In this instance, the uplink
scheduler co-schedules UEs 2 and 4, as their orthogonality
factor is below the threshold, and UEs 1, 3 and 5 are
scheduled separately.
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Optionally, the orthogonality factor may be modified to
take into account other factors. For example, the SINR
(Signal to Interference-plus-Noise Ratio) may be taken into
account. This is because if there is a signal with a high SINR
it would be advantageous to use a high order modulation,
which could be vulnerable to interference from a co-sched-
uled user. One method for taking into account the SINR is
now described with reference to FIG. 4.

The method is identical to that described previously with
reference to FIG. 3 except that, after calculating the orthogo-
nality factor for a pair of UEs in step 16, the orthogonality
factor is multiplied by the greater SINR of each of the two
UEs used to calculate the orthogonality as illustrated in step
24. The Orthogonality Factorxgreatest SINR for each pair of
UEs in the group of UEs transmitting in the channel are
compared. The pair of UEs with the lowest OFxSINR are
co-scheduled as illustrated in step 28. Further pairs of UEs
are co-scheduled by comparing this OFxSINR of the
remaining pairs of UEs, until all the pairs of UEs are
co-scheduled.

Other than multiplying the orthogonality factor by the
SINR the orthogonality factor may be multiplied by a
function of the highest SINR belonging to one of the UEs.
One example of such a function is Log,,(SINR,, ),
although one skilled in the art would understand that any
suitable function may be used.

Optionally, a threshold may be set so that if the orthogo-
nality factor multiplied by the maximum SINR is above a
threshold the UE with the maxiumum SINR is not co-
scheduled with another UE. Alternatively, the SINR for each
UE may be determined and the SINR for each UE then
compared to a threshold SINR. For any UE where the SINR
is greater than the threshold SINR the uplink scheduler
determines that the UE is not to be co-scheduled with any
other UEs and to schedule the UE singly. For the UEs where
the SINR is below a threshold the orthogonality factors are
determined and transmissions co-scheduled as described
with reference to FIG. 2.

Alternate factors may be taken into account instead of or
in addition to the SINR. For example, the throughput of the
pair of UEs.

In an alternative embodiment of the present invention the
uplink scheduler may determine whether to co-schedule UEs
using the method illustrated in FIG. 5. As discussed with
reference to FIG. 2 the channel is determined (not shown)
and a pool of UEs which transmit data over the channel is
also determined, step 30.

For each pair of users the minimum mean square error
(MMSE) of the UEs’ transmissions is computed by com-
bining the weight set as illustrated in step 34. Using the
MMSE weight sets the potential SINR for each user may be
calculated as determined in step 36. The throughput of the
combined transmissions of the two UEs can then be deter-
mined as in step 38. The throughput may be calculated using
a Shannon or modulation code set (MCS) set or any other
suitable method.

At the same time the throughput for each UE alone is also
calculated, step 40. This throughput may be calculated using
any suitable method.

The throughputs of each individual UE and each pair of
UEs are compared and the UE or pair of UEs with the
highest throughput are scheduled first, step 42. This UE or
pair of UEs are then removed from the pool of UEs which
are to be scheduled and the process repeated until all the UEs
are scheduled either individually or in combination with
another UE, step 44.
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Any suitable technique may be used to separate the
co-scheduled transmissions of two user equipments, for
example, instead of the MMSE, a SIC (successive interfer-
ence cancellation) approach may be used. Additionally, any
alternative criteria other than throughput may be used to
determine which UEs are scheduled. For example the equal
throughput (EQT) for each user may be calculated and then
compared.

Additionally, the uplink scheduler may only co-schedule
UEs where the total throughput of the co-scheduled UEs’
transmissions is below a threshold. Alternatively, the
orthogonality factor for each pair of UEs may be determined
and used to determine whether to co-schedule the UEs in the
pair or if they should not be co-scheduled.

As before the comparison of UEs and pairs of UEs is
continued until all the users have been scheduled.

It is preferable that the time constant of scheduling for the
UEs is a shorter time period than the time constant of the
change of the channel Small-Scale Fading (SSF). It is
therefore preferable that the UEs which are co-scheduled are
nomadic or fixed, such that changes due to SSF will be slow,
due to the low levels of Doppler spread. The uplink sched-
uler may be configured to determine whether the UE is
mobile, for example a cellular telephone, or nomadic or
fixed, such as a laptop.

The co-scheduling may be applied to one or more bands
within a transmission channel. Outside of these bands UEs
are scheduled in a conventional manner. Any other suitable
method for calculating orthogonality may be used.

Any one of the methods may be applied to a network or
part of a network having a receiver station and multiple
transmitter stations where the receiver station has a greater
or equal number of antennas compared to the total number
of UE transmit antennas for the UEs that might be co-
scheduled on the same time-frequency resource block.

What is claimed is:

1. A method of operating a receiver station in a wireless
network, the wireless network including the receiver station
and a plurality of user equipments, wherein the receiver
station includes a plurality of antennas, wherein each of the
user equipments includes at least one antenna, the method
comprising:

a) for each of the user equipments, determining a corre-
sponding steering vector based on a corresponding
initial transmission from the user equipment to the
receiver station;

b) for a first pair of the user equipments, computing an
orthogonality factor based on the steering vector of the
first user equipment of the first pair and the steering
vector of the second user equipment of the first pair,
wherein smaller values of the orthogonality factor
represent greater orthogonality between the steering
vectors of the first pair; and

¢) co-scheduling the first pair of the user equipments
based at least in part on a determination that the
orthogonality factor is less than a threshold.

2. The method of claim 1, wherein, prior to c), the
orthogonality factor for the first pair of the user equipments
is modified by multiplying the orthogonality factor by a
scalar value that is a function of a signal to interference-
and-noise ratio (SINR) of the first user equipment in the first
pair and a signal to interference-and-noise ratio (SINR) of
the second user equipment in the first pair.

3. The method of claim 2, wherein the scalar value is the
greatest of the SINR for the first user equipment of the first
pair and the SINR of the second user equipment of the first
pair.
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4. The method of claim 2, wherein the scalar value is a
logarithm of the maximum of the SINR for the first user
equipment of the first pair and the SINR of the second user
equipment of the first pair.

5. The method of claim 2, wherein the scalar value
comprises a ratio of SINR,,,+ to SINR, .,

wherein SINR,,, - is a maximum of the SINR for the first
user equipment of the first pair and the SINR for the
second user equipment of the first pair,

wherein SINR, ., is a minimum of the SINR for the first
user equipment of the first pair and the SINR for the
second user equipment of the first pair.

6. The method of claim 1, wherein the orthogonality
factor is calculated using a multiplication of one of the
steering vectors of the first pair and a conjugate transpose of
the other steering vector of the first pair.

7. The method of claim 1, wherein one or more additional
pairs of the user equipments are successively co-scheduled
in successively increasing value of the orthogonality factor.

8. The method of claim 1, further comprising:

receiving a signal in response to co-scheduled transmis-
sions from the first pair of user equipments; and

performing successive interference cancellation (SIC) to
separate the co-scheduled transmissions.

9. The method of claim 1, wherein, for each of the user
equipments, said corresponding initial transmission from the
user equipment is a scheduled uplink sounding burst.

10. A receiver station in a wireless network, the wireless
network including the receiver station and a plurality of user
equipments, wherein each of the user equipments includes at
least one antenna, the receiver station comprising:

a plurality of antennas;

an input, wherein, for each of the user equipments, the
input is configured to receive a corresponding steering
vector;

a comparator, wherein, for a first pair of the user equip-
ments, the comparator is configured to compute an
orthogonality factor based on the steering vector of the
first user equipment of the first pair and the steering
vector of the second user equipment of the first pair,
wherein smaller values of the orthogonality factor
represent greater orthogonality between the steering
vectors of the first pair;

a processor configured to co-schedule the first pair of the
user equipments based at least in part on a determina-
tion that the orthogonality factor is less than a thresh-
old.

11. The receiver station of claim 10, wherein the com-
parator is configured to modify the orthogonality factor for
the first pair of the user equipments by multiplying the
orthogonality factor by a scalar value that is a function of a
signal to interference-and-noise ratio (SINR) of the first user
equipment in the first pair and a signal to interference-and-
noise ratio (SINR) of the second user equipment in the first
pair.

12. The receiver station of claim 11, wherein the scalar
value is the greatest of the SINR for the first user equipment
of the first pair and the SINR of the second user equipment
of the first pair.

13. The receiver station of claim 11, wherein the scalar
value is a logarithm of the maximum of the SINR for the first
user equipment of the first pair and the SINR of the second
user equipment of the first pair.

14. The receiver station of claim 11, wherein the scalar
value comprises a ratio of SINR,,, to SINR, .,
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wherein SINR,,, ;- is a maximum of the SINR for the first
user equipment of the first pair and the SINR for the
second user equipment of the first pair,

wherein SINR, ., is a minimum of the SINR for the first
user equipment of the first pair and the SINR for the
second user equipment of the first pair.

15. The receiver station of claim 10, wherein the com-
parator is configured to calculate the orthogonality factor
using a multiplication of one of the steering vectors of the
first pair and a conjugate transpose of the other steering
vector of the first pair.

16. The receiver station of claim 10, further comprising:

a channel selector configured to select a channel where
the change of phase and amplitude of a transmission
from each of the plurality of user equipment devices is
substantially consistent, wherein said plurality of user
equipments are selected from a superset of user equip-
ments which may transmit data across the channel.

17. A non-transitory memory medium for operating a
receiver station in a wireless network, the wireless network
including the receiver station and a plurality of user equip-
ments, wherein the receiver station includes a plurality of
antennas, wherein each of the user equipments includes at
least one antenna, wherein the memory medium stores
program instructions executable by a processor to imple-
ment:

a) for each of the user equipments, determining a corre-
sponding steering vector based on a corresponding
initial transmission from the user equipment to the
receiver station;

b) for a first pair of the user equipments, computing an
orthogonality factor based on the steering vector of the

—
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first user equipment of the first pair and the steering
vector of the second user equipment of the first pair,
wherein smaller values of the orthogonality factor
represent greater orthogonality between the steering
vectors of the first pair; and

¢) co-scheduling the first pair of the user equipments

based at least in part on a determination that the
orthogonality factor is less than a threshold.

18. The non-transitory memory medium of claim 17,
wherein the program instructions are executable by the
processor to further implement:

prior to ¢), modifying the orthogonality factor for the first

pair of the user equipments by multiplying the orthogo-
nality factor by a scalar value that is a function of a
signal to interference-and-noise ratio (SINK) of the first
user equipment in the first pair and a signal to inter-
ference-and-noise ratio (SINR) of the second user
equipment in the first pair.

19. The non-transitory memory medium of claim 18,
wherein the scalar value is a logarithm of the maximum of
the SINR for the first user equipment of the first pair and the
SINR of the second user equipment of the first pair.

20. The non-transitory memory medium of claim 18,
wherein the scalar value comprises a ratio of SINR,,, to
SINR 7,

wherein SINR,,, - is a maximum of the SINR for the first

user equipment of the first pair and the SINR for the
second user equipment of the first pair,

wherein SINR, ., is a minimum of the SINR for the first

user equipment of the first pair and the SINR for the
second user equipment of the first pair.

#* #* #* #* #*
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